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This study presents an effective method for additional recovery of residual actinides in
liquid electrodes after the electrowinning process of pyroprocessing. The major distinctive
feature of this method is a reactor with multiple reaction cells separated by partition walls
in order to improve the recovery yield, thereby using the interelement difference in
diffusion coefficients within the liquid electrode and controlling the selectivity and purity
of element recovery. Through an example of numerical simulation of the diffusion sce-
narios of individual elements, we verified that the proposed method could effectively
separate the actinides (U and Pu) and rare-earth elements contained in liquid cadmium.
We performed a five-step consecutive recovery process using a simplified conceptual
reaction cell and recovered 58% of the initial amount of actinides (U þ Pu) in high purity
( 99%).
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Despite the widespread use of nuclear power to meet the
growing demand for energy across the world, the treatment
of spent nuclear fuel as a by-product of nuclear power
generation remains a great challenge for the nuclear power
industry. Pyroprocessing is one of the practical methods for
solving this problem. The basic concept of pyroprocessing
includes recycling of spent nuclear fuel by processing it
from a pressurized water reactor into a raw material for a
sodium-cooled fast reactor. This process is relatively simple. Shin).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behaand cost effective, and in particular, has an additional
advantage of meeting the proliferation resistance require-
ment of the fuel cycle by preventing Pu from being sepa-
rately recovered. Driven by the benefits of 100-fold increase
in the uranium recycling rate, 100-fold decrease in the space
requirement of a high-level waste disposal site, and 20-fold
decrease in the volume of high-level waste compared to a
direct radioactive waste treatment, recycling of spent
nuclear fuel using a new method of coupling pyroprocessing
to sodium-cooled fast reactors has been the object of
intensive research [1].Creative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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uranium and transuranic elements using the electrochemical
reaction in the LiCl or LiCl-KCl molten salt medium, which is
very stable at a high temperature. Pyroprocessing can be
broken down into several subprocesses: (1) pretreatment, in
which spent nuclear fuel assemblies are dismantled and
stripped; (2) electrolytic reduction process, which converts
spent oxide nuclear fuel into metal; (3) electrorefining, which
selectively recovers uranium, (4) electrowinning, which re-
covers actinidesdresidual uranium and transuranic ele-
mentsdremaining in the molten salt; and (5) salt waste
treatment [2]. In particular, in the electrowinning stage, in
which a liquid cadmium electrode is used as the anode to
recover the actinides remaining in the molten salt, rare-earth
fission products dissolved in the electrolyte are likely to be
reduced as well because they have quasi-identical reduction
potentials to those of the actinides. Consequently, rare-earth
elements are found in the liquid cadmium electrode as im-
purities, in addition to actinides after pyroprocessing. One
primary focus in the ongoing pyroprocessing research is
developingmethods for separating high-purity actinides from
the materials gained from electrowinning, given that the
separating efficiency of pyroprocessing is directly associated
with spent nuclear fuel management efficiency and cost
effectiveness through fuel recycling.
In this study, we designed an additional stage in pyropro-
cessing after electrowinning to retrieve high-purity actinides.
It was intended to establish a selective separation method for
separately extracting actinides (U and Pu) and rare-earth ele-
ments (Nd, Pr, Ce, and La) using the differences in solubility
and diffusion coefficient of each element in a liquid cadmium
electrode containing all elements reduced by electrowinning.
In particular, by opening the partitioned liquid cadmium
electrode cells stepwise, we first recovered high-purity acti-
nides with high solubility and diffusion rates under a poten-
tiostatic condition. Furthermore, by establishing a conceptualFig. 1 e Example of a reactor for multistep selective sepmodel for the aforementioned conditions, we could determine
final yields and expected efficiencies, depending on the re-
covery time and recovery step.2. Reactor setup and theoretical analysis
2.1. Example of a real reactor setup
Fig. 1 depicts an actual example of a reactor that implements
multistep selective recovery of actinides in liquid metal elec-
trodes. Partition walls divide the liquid cadmium electrode
within the reactor into several cells (①e⑤ in Fig. 1). Prior to
beginning the selective recovery process, only the liquid cad-
mium in the left-most cell contains actinides and rare-earth
elements (based on a literature review, it was hypothesized
in this study that only U, Pu, Nd, Pr, Ce, and La exist [3]). When
the first partition wall ① is opened and the elements con-
tained in the liquid cadmium diffuse into the next cell, U and
Pu reach the back of the cell (partition wall②) first because of
their large diffusion coefficients; they exist in high purity
because other elements have smaller diffusion coefficients
and thus diffuse more slowly. U and Pu are then electro-
chemically oxidized at the interface between the liquid cad-
mium andmolten salt, and discharged as ions into themolten
salt. These ions are then electrochemically reduced and
recovered to the solid cathode. Over time, the rare-earth ele-
ments that diffuse relatively slowlydNd, Pr, Ce, and Ladreach
the backside of the cell, and the purity of the recovered U and
Pu decreases if the aforementioned process step continues.
Limiting the first U and Pu recovery step to the time point that
ensures their purity prevents this. We then discontinue the
recovery process and stir the cadmium electrode to homoge-
nize the concentration, followed by the opening of the second
partition wall (②). The second recovery takes place in the
same manner, and this recovery process is repeated byaration of actinides within a liquid metal electrode.
Fig. 2 e Structure of simplified liquid electrode
conceptualized for calculation convenience. “A” represents
the surface on which imaginary oxidation and reduction
reactions occur.
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⑤. As the recovery process advances, the yield of stepwise
recovered U and Pu increases. We installed horizontal walls
separating the liquid cadmiumelectrode andmolten salt (Ⓐ in
Fig. 1) in each cell to enhance the purity of U and Pu by
recovering them from the backside of each cell.
2.2. Theoretical calculation of the multistep recovery
process
2.2.1. Conceptual multistep reactor setup for calculation
convenience
Fig. 2 shows the structure of the liquid electrode system
simplified for calculation convenience, as well as the con-
ceptual locations for oxidation and reduction electrochemical
reactions. A rectangular parallelepiped with sides in the ratio
of w:d:h represents a cell of the liquid cadmium electrode
separatedwith partitionwalls, and the array of six rectangular
parallelepipeds corresponds to the reactor with six cells. Here,
w is set to 1 102 m and, both d and h aremuch larger thanw
so that the diffusion toward those directions can actually be
ignored and the assumption of one-dimensional diffusion is
valid. To further simplify the calculation, as well as the elec-
trochemical oxidation occurring at the interface between the
liquid cadmium electrode andmolten salt and the subsequent
electrochemical reduction occurring at the interface between
molten salt and solid cathode, we configured a conceptual
scenario of these two realms of reaction occurring concur-
rently within their boundaries (A in Fig. 2).
2.2.2. Initial concentrations and diffusion coefficients of the
elements within the liquid cadmium electrode
Table 1 outlines the solubility limits, initial concentrations,
and diffusion coefficients of the elements within the liquid
cadmium electrode that were used in the calculation [4]. In
particular, the initial concentration of each element was set
on the basis of its mass reported in the literature [3]. As no
accurate data on the saturation concentrations of U and Pu
were available in the literature, we arbitrarily set them at 3 wt% in consideration of both a previous report that the total
saturation concentration of actinides in liquid cadmium at
773 K is  4 wt% [3], and the existence of the rare-earth ele-
ments in addition to the actinide elements. The saturation
concentrations of U and Pu were set at 1.2 wt% and 1.8 wt%,
respectively, in consideration of a previous report that the
dissolution ratio of U and Pu in liquid cadmium is 4:6 [5]. This
means that the initial concentrations of U and Pu exceed their
respective solubility limits, and that the U and Pu in excess of
saturation concentration would exist as precipitates in the
electrode. This was experimentally verified as well [3]. As the
recovery process advances, the amount of U and Pu dissolved
in the liquid cadmium decreases continuously. Thus, it can be
predicted that the U and Pu precipitates begin to dissolve. For
calculation convenience, we hypothesized that such addi-
tional dissolution occurs during the homogenization process
after recovery, as described in the Section “Stepwise recovery
completion and concentration homogenization” below.
It should be mentioned that the diffusion coefficients
might be changed during the process because the content of
the elements in liquid cadmium will affect their activity co-
efficients. In this work, however, the content of each element
in the liquid cadmium electrode is as low as < 2 wt% (total
content of the elements is < 4 wt%) and mutual interaction
between the elements is most likely insignificant. As this is
the case, it might reasonably be assumed that the activity
coefficients (or diffusion coefficients) of the elements we
consider in this work are constant throughout the process.
Nevertheless, the consideration of the activity coefficient
change, even if it is small, during the process will definitely
result in more reliable calculation and prediction of recovery
amounts.
2.2.3. Theoretical analysis of diffusion and recovery of
elements
Under the assumption that the elements in liquid cadmium
undergo one-dimensional diffusions and there is no convec-
tive transport, their governing equations, initial conditions,
and boundary conditions were set as follows:
vc
vt
¼ D v
2c
vx2
(1)
cðx; 0Þ ¼ c0ð0  x  nÞ (2)
cðx; 0Þ ¼ 0ðn< x  nþ 1Þ (3)
vc
vt

x¼0
¼ 0 (4)
vc
vt

nþ1¼0
¼ 0 (5-1)
cðnþ 1; tÞ ¼ 0ðt> 0Þ (5-2)
In these equations, x represents the diffusion direction
expressed as a position within a liquid electrode, c(x, 0) refers
to the initial concentration of a given element at position x,
and n is the number of recovery steps. The value of c0 is set
anew after each recovery step. The left side of the cadmium
Table 1 e Initial concentration and diffusion coefficient of each element in liquid Cd electrode.
Elements Amount (wt%) Solubility limit (wt%) Diffusion coefficient in liquid Cd electrode at 773 K (10e6 cm2/s) Note
U 2.9 1.2a 19 Actinide
Pu 6.9 1.8a 14 Actinide
Nd 0.25 0.25a 3.4 Rare earth
Pr 0.11 0.11a 3.8 Rare earth
Ce 0.10 0.10a 2.5a Rare earth
La 0.016 0.016a 2.5 Rare earth
Total 10.276 3.476
a Arbitrarily assumed.
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[Equation (4)]. For the right side, two different boundary con-
ditions were considered: one is an impermeable boundary
condition for observing a scenario in which individual ele-
ments are diffused to reach the right side [Equation (5-1)], and
the other is a fully permeable boundary condition for simu-
lating a scenario in which all elements reaching the right side(A)
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Fig. 3 e Time-dependent concentration gradient of each elemen
no electrochemical recovery occurs. (A) Initial state, (B) state afteare recovered [Equation (5-2)]. In particular, Equation (5-2) is a
constant-voltage condition, simulating a scenario in which all
elements are recovered, i.e., a scenario in which all elements
spread through diffusion are oxidized (ionized) and subse-
quently reduced under a high-voltage driving force. The
anodic electrode potential can, in fact, be lowered to 0.8 V
versus Ag/AgCl, thereby preventing the liquid cadmium(B)
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Fig. 4 e Time-dependent concentration gradient of each element in a scenario where real recovery occurs under a constant
voltage application. (A) State after 2.9 hours (impurity level: 0.01 wt%), (B) state after 5.0 hours (0.1 wt%), (C) state after 9.2
hours (0.5 wt%), (D) state after 13.8 hours (1 wt%), (E) state after 24.1 hours (2 wt%), and (F) state after 36.4 hours (3 wt%).
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lower than the standard oxidation potential of U to U(III)
(1.53 V vs. Ag/AgCl), and a sufficient driving force is thus
provided for all elements including U to be recovered [7].
We obtained a solution of the diffusion equation through a
numerical analysis on the basis of the finite difference
method. We calculated the total amount of the elements
recovered using the following equation, in consideration of
the flux J of each element at the right-side boundary of the
liquid cadmium electrode:Mrec ¼ Jðx¼nþ1Þdt (6)
Z t
0
2.2.4. Stepwise recovery completion and concentration
homogenization
When the elements in the first cell are diffused to the second
cell one dimensionally, we can recover U and Pu in high purity
on the right side of the second cell due to their high diffusion
coefficients, but their purities are lowered because rare-earth
elementsdNd, Pr, Ce, and Ladare also recovered over time.
Table 2 e Recovery amount and impurity level during the first recovery process.
Recovery time (h) Recovery amount (mg/cm3)a Recovery ratio (wt%) Impurity level (wt%)
2.9 4.91 0.597 0.01
5.0 16.00 1.947 0.1
9.2 43.62 5.308 0.5
13.8 72.44 8.814 1
24.1 124.52 15.15 2
36.4 167.66 20.40 3
a Total recovery amount from the hypothetic cell is estimated by multiplying this value by d and h obtained from Fig. 2.
Table 3 e Recovery amounts during five sequential recovery processes (target impurity level ¼ 99%).
Element Initial amount
(mg/cm3)
1st 2nd 3rd 4th 5th Total recovery
amount (mg/cm3)b
% recovery
c0
a Mrec
b c0 Mrec c0 Mrec c0 Mrec c0 Mrec
Pu 551.7 1.800 37.04 1.800 80.84 1.800 98.05 1.050 42.65 0.733 25.50 284.1 51.49
U 231.8 1.200 34.68 1.200 71.53 0.524 37.35 0.276 15.12 0.183 8.699 167.4 72.21
Nd 19.99 0.250 0.410 0.122 0.860 0.078 0.761 0.056 0.329 0.044 0.195 2.556 12.78
Pr 8.800 0.110 0.240 0.053 0.455 0.034 0.494 0.024 0.171 0.019 0.102 1.462 16.61
Ce 8.000 0.100 0.070 0.050 0.193 0.032 0.392 0.023 0.072 0.018 0.041 0.768 9.600
La 1.280 0.016 0.010 0.008 0.031 0.005 0.030 0.004 0.012 0.003 0.007 0.090 7.031
Sum 821.6 3.480 72.44 3.240 153.9 2.404 137.1 1.433 58.35 1.000 34.55 456.3 55.54
Recovery time (h) 13.8 27.8 33.7 25.2 21.6
a c0 is the initial concentration (wt%).
b Recovery amount (mg/cm3). Total recovery amount is estimated by multiplying this value by d and h.
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study and continued the recovery process only up to the time
point when we could maintain this purity level. Upon
completion of the first recovery process, the concentration
value of each element at all positionswithin the electrode, i.e.,
the first and second cells with the partitionwall between them
being open, was set anew as a mean concentration. In this
process, the U and Pu precipitates, which are present in the
electrode because their initial amount exceeded their
respective saturation concentrations, were set to be dissolved
additionally into the electrode during the concentration ho-
mogenization process. We then diffused the elements to the
third cell and performed the second recovery process in the
aforementioned manner. During the concentration homoge-
nization at the end of the second recovery step, we addition-
ally dissolved the remaining U and Pu precipitates. We
performed the third, fourth, and fifth recovery steps in the
same manner, and at each recovery step, we calculated the
yield of each element, total recovery yield, and final purity.3. Results and discussion
Fig. 3 presents the time-dependent concentration gradient of
each element in a scenario in which no electrochemical re-
covery occurs, in order to find out the diffusion behavior of
each element within the liquid cadmium electrode. This is
calculated by applying the right-side boundary conditions of
the liquid cadmium electrode to Equation (5-1). One hour after
the removal of the first partition wall, while a considerable
amount of actinide elements (U and Pu) were stored on the
right side of the electrode, most of the rare-earth elements
(Nd, Pr, Ce, and La) did not reach the surface (Fig. 3B). Evenafter a lapse of 12 hours, only a negligible amount of rare-
earth elements reached the surface. This result implies that
high-purity actinide elements can be recovered if element
recovery takes place on the right side of each cell.
Applying Equation (5-2) for the boundary conditions for
simulating the scenario of real recovery, we calculated the
time-dependent concentration gradient of each element.
Fig. 4 presents the resulting values. This simulation corre-
sponds to the scenario in which we applied a constant voltage
to the liquid cadmium electrode concurrently with opening
the first partition wall, and recovered all elements reaching
the right side of the electrode (see Section “Conceptual
multistep reactor setup for calculation convenience” above
and Fig. 2). Table 2 presents the amount of elements that reach
the right side over time, i.e., the recovery yield, which was
calculated using Equation (6). Therein, we show that the
recovered amount increases in proportion to the recovery
time, but so does the proportion of the impurities contained in
the recovery yield. This is due to the fact that while the acti-
nides first reach the right side in large quantities at an early
recovery stage because of their high initial concentrations and
diffusion coefficients, rare-earth elements begin to reach over
time, thus increasing the impurity, and at the same time, the
amount of actinides reaching the right side per unit time de-
creases with time due to the leveling effect of concentration
gradients. In other words, recovery yield and purity are
inversely related, and in order to maintain the target purity
level, we should limit the recovery time, or recovery yield.
In this study, we maintained the purity of the actinides at
the target level of  99% by controlling the recovery time for
each recovery step, and analyzed the recovery tendency of
each step and calculated the total recovery yields. The target
puritywas set at our discretion to exceed the preprocess initial
m
g/
cm
3
m
g/
cm
3
m
g/
cm
3
m
g/
cm
3
Fig. 5 e Yields at each recovery step. (A, B) Yields of actinides and (C, D) yields of rare-earth elements. The total recovery
amount is estimated by multiplying this value by d and h obtained from Fig. 2.
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level. Table 3 outlines the process operation time per recovery
step and recovery yield to obtain a purity of  99%. The initial
concentration was set anew at each recovery step in consid-
eration of the electrode volume and the remaining amount of
each element. In particular, the initial concentrations for U
and Puwere kept constant up to the second and third recovery
step, respectively, given that the U and Pu that initially existed
as precipitates (see Section “Stepwise recovery completion
and concentration homogenization”, Table 1) redissolve with
the increase in the number of recovery steps.
Based on the values in Table 3, the recovery yields of ac-
tinides and rare-earth elements are schematically repre-
sented in Fig. 5A, 5B. Note that we recovered U in a larger
quantity in the second recovery step than in the first, and Pu
is in increasingly larger quantities up to the third recovery
step. This result occurs due to the conditions that are favor-
able for selective separation: the U and Pu precipitates are
redissolved during the homogenization process and thus
their saturation concentrations are maintained, while theconcentrations of rare-earth elements continuously decrease
with the increases in element recovery yield and volume of
the liquid cadmium electrode as the recovery step advances.
From the third (for U) and fourth (for Pu) recovery steps on-
ward, the actinides cannot maintain their respective satura-
tion concentrations, resulting in an abrupt fall of recovery
yield in each step.
Upon completion of the fifth recovery step, Pu was calcu-
lated to have the highest yield because of its high amount of
initial precipitates within the electrode and high initial con-
centration (¼ saturation concentration). U, however, demon-
strated the highest ratio of initial total amount to recovery
yield with ~72% because it had the highest diffusion coeffi-
cient among all elements found in the liquid cadmium elec-
trode. In the end, we estimated this sequential recovery
process to recover 58% of the preprocess initial amount of
actinides (U þ Pu) with 99% purity.
In conclusion, this study presents a method of separating
actinides in high purity using a multicell reactor with a liquid
cadmium electrode after the electrowinning pyroprocessing
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 5 8 8e5 9 5 595stage for spent nuclear fuel recycling. The following summa-
rizes the findings of this study:
(1) We first proposed a technique to separate actinides (U
and Pu) and rare-earth elements (Nd, Pr, Ce, and La)
using the initial concentration (or solubility limit) of
each element and the difference in diffusion co-
efficients. In particular, we expected the multistep
electrode system designed to perform stepwise diffu-
sions by sequentially opening partition walls to achieve
any desired recovery yield of high-purity actinides.
(2) While the total recovery yield increases in proportion to
the recovery time in any given recovery step, the purity
of the actinides tends to decrease due to the increase in
concentrations of rare-earth elements. In other words,
recovery yield and purity are inversely related, and in
order tomaintain the target purity level, we should limit
the recovery time.
(3) By numerical simulation, we verified that 58% of the
initial amount of actinides (U þ Pu) with  99% purity
could be recovered by applying the five-step consecutive
recovery system under the initial conditions proposed
in this study. If we take the additional redissolution of U
and Pu precipitates into account, the recovery yields of
the two elements have the highest values at the second
and third recovery steps, respectively.
(4) This study presented the possibility of high-purity sep-
arationof actinides using thedifferences in thediffusion
coefficients of the elements within a liquid metal.
Further research focusing ondesigning a reactor for field
applications andexploring thediffusionbehaviors of the
elements in a liquid metal electrode, which were not
included in this study, is expected to provide data,
enablingcalculations that are close to real-life scenarios.Conflicts of interest
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